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ABSTRACT

The feasibility of using slot fnjection to establish a turbulent bound-
ary layer corresponding to a known Reynolds number is inves tigated here ex-
perimentally. The basic concept proposed by Professor A. Ferri consists of
injecting seconda;y air thrqugh a glot. The air is injected at the same local
static pressure and at a selected stagriation temperature to simulate a given up-
stream heat conduction condition. The mass of the injected air can be con-
trolled to match a desired Reynolds number. In the present experiment, sec-
6ﬁdary air was injected through a supersonic nozzle over a flat plate model.
The outer stream Mach number at the slot location ( 1 inch behind the lead-
ing edge) was in the range of 5.43 ~ 5.83, and the Reynolds number Rex based
on the streamwise distance was varied between & x 105 to 2 x 105 per inch.
Tests were conducted with different injection air conditions, with values of

p.u,
Ree and 1(= Eiaj) in the range of 0 - 1500 and 0 - 0.172 respectively,

Heat tranafer rates were measured at about 4 to 8 inches (54 ~. 108 slot
heights)behind the slot and the results were compared with theoretical es-
timates. Static pressure measurements were made over the surface in the
streamwise direction. Velocity and Mach number profiles were determined af
a posifion 7 inches ( 95 slot heights) downstream of the slot. Laminar and
turbulent profiles were calculated from the Crocco method and 1/7 power law
reépecttvely to compare with the results of measurements. The experimental
results obtained indicate that this method is effective in establishing a
turbulent boundary layer having a prescribed value of Re
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1. INTRODUCTION

One of the most difficult experimental problems to be solved in
transonic, supersonic and hypersonic aerodynamics is the ceorrect simulation
of the boundary layer and inviscid flow interaction. Specially in transonic
and hybéfsonic tests the available Reynolds number is ﬁuch smaller than in
full scale. Therefore, the correct simulation is not possible. Usually
the transition from laminar to turbulent flow is induced by tripping the
boundary layer by means of local roughness. However, this approach is some-
what arhitrary, because it does not permit the determination of the actual
| Reynolds number of the boundary layer. This effectiveness changes with local
conditions and is different at different angles of attack, and this rough-
ness often affects the flaw cutside the boundary layer,

-A different method for boundary layer tripping that givea better
controlled simulation has been proposed by Professor A. Ferri. The scheme
consists of injecting secondary air flow tangentially through a backward
facing slot near a leading edge. Experiments with slot injection (Refs. 1,
2, 3, 4, and 5) indicate that the mixing between the injected air and the
boundary layef is rapid and even at sufficiently low Reynolds number the
flow is turbulent; at a small distance downStream of the slot the profile
becomes a clagsical turbulent boundary layer profile. Because the mass
‘injected through a slot can be Eontrolled, the value of Ree of the boundary
layer can be changed without changing the wind tunnel Reynolds number. In
addition, Ree can be correctly evaluated from available information on slot

coﬁling.' The basic idea of this method is shown schematically in Fig. 1.



To investigate experimentally the above concept, experiments have been
conducted at Mach 6 on a flat plate model having slot injectior near the
leading edge. The investigation has been directed to give specific ‘infor-
mati;nsthat could be used in.a study of a hypersonic inlet to be tested at
Mach 6. Heat transfer rates, static pressure distributioms overrthe surface
and pfo%iles have been obtained for several values of Rea ranging from 0
(the nominal Ree at the injection slot corresponds to the case of zero in-"
© jactien) to 1500,

The experiments indicate that a turbulent boundary layer cam be in-
duced at low free stream Reynolds number with this method and that Re can

o
be controlled by adjusting the mass flow injected through the slot.

II. APPARATUS AND TEST CONDITIONS

1, Wind Tunnel

The present experiments were conductéd in a Mach 6 blowdown type axisy-
mmetric wind tunnel (12 inches in diameter) at the New York University Aero-
apace Laboratory. A more complete description of this facilify is presented

in Ref. 5.

2. Model
The model used in the present experiments is a flat plate having sharp
leading edge and a span of 6 inches, and the plate was supported horizon-
tally from the downstream side of the tunnel. The model configuration is
shown in Fig, 2, and the details of the injection nozzle are shown in Fig. 3.
. The splitter plate thickness is 0.02 inches. In the present experiments a
supersonic nozzle has been used, because a superaonic injection flow re-

quires a smaller slot height for the conditions required. A subsonic
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'1njection-flow is preferable when local small preésure perturba-
tions due to injection must be avoided. All the dimensions of the nozzle
are determined so as to .give aufficient.large'range of Ree(1500.u 2000, for
injection cases) to establish the required turbulent flow. The design Mach

number of the slot nozzle, M,, has been selected equal to 2.06. The Reynolds

3?
nmumber based on the momentum thickness, Reg’ ranged from 730 to 1500 (for
injection cases), whereas the Mach number-(Mj) varied from 1,60 to 1.9%4. An
air supply pipe was heated by a 3-kw heater outside the tunnel to obtain hot
injection air having approﬁimately the same total temperature as the total
temperature of free stream, gince it was desired in this test to produce
only the momentum defecﬁ while keeping the total enthalpy profile uﬁchanged.

The spanwise uniformity of the injected air distribution was measured at

the beginning of the test series,

3., Instrumentations

Two types of measurements were performed, Heat transfer and static
_pressure distributions along the surface were determined. The boundary
"layer profiles were measured at a station 7 inches downstream of the slot
by means of a traversing probe.

The model was instrumented with pressure taps and chromel-alumel ther-
mocouples welded on a stainless steel shimstock of 0.0l inch thickness. All
the thermocouples we;e calibrated beforehand to ensure accurate temperature
readings. A scani-valve was used to obtain the static pressure distribu-
tion over the model surface. The locations of these pressure taps and

thermocouples are shown in Fig. 2 and Fig. 3. A probe that determines the



stagnation temperature, the total and static pressure was used for the

meagsurement of profiles,

4, Test Conditions

The tests were performed at two different free stream conditions, with
several values of injection mass flow. Actual test conditions covered in

this experimental work are summarized In Table 1.

ITI. EXPERIMENTS AND RESULTS

One of the important parameters which determines the state of a bound-
ary layer is the Reynolds number based on the momentum thickness, R__, de-
eq

‘fined as:

- Peled

R
ef Heo
(1)
6 1 a u
where p = [ & -2
o Pee e
When the slot flow is uniform, the expression for the momentum thickness

at the slot location can be simplified as (See Fig. 1):

u u
6= tld g .1y 2)
Pe'e e

where hj is the slot height. From Egs. (1) and (2}, the Reynolds number
baged on the momentum thickness, Reg’ at the slot location can be expressed

as follows:

h u
L b s PP |
Reg™ ~p 7 g) @)



where u, and Mg refer to the outer stream conditions at the slot location. 1In
" the present tests the slot is located 1 inch downstream of the leading edge.

The flat plate model has been designed corresponding to values of Ree of about

1500-2000. Such values of Ree are considered sufficient to induce locally a

turbulent boundary layer, and correspond to the following conditions.

Design conditions:

M = 6.0 M, = 2,06
w b} .
D . .
T, = 900°R Py " P &)
P, = 200 psi 'roj =T

Theractual Mach number of the injected air measured during the tests varied
frﬁm 1,60 to 1.9%4. These values are lower than the design value and show
somé scattering. This is probably due to‘the small dimension of the passage
upstream of the slot, and also due to the difficulty in reading very small
values of pressures (pj,'poj) aécurately from which Mj wag computed. The
injected air was heated by means of an electrical heater to a stagnation
temperature approximately equal to the free stream stagnation temperature,.
Cold air could be injected to change independently the total enthalpy
1profile of the boundary layer and to simulate the effect 9f wall cooling.

It has been shown (Refs. 1-5) that the mixing between slot injected air

and an external flow is controlled by a parameter ), defined as:

()



In the present experiments, the mass flow rate parameter ) was in the range of
0 to 0.172 as shown in Table 1.

The two-dimensionality of the main flow (no tip effects) at the model
centerline was checked experimentally up to x = 9 in. (x/hj =~ 122). The flat
plate was oriented at zero angle of attack; for these conditions the Mach
number M, of the outer stream at the position of the slot was in the range of
5.43 to 5.83 which is slightly lower than the free stream Mach number due to
viscous interactioms (y = 0,32 ~. 0.45, at the slot location). Reynclds numbers
obtained in the Test No. 1-4 were about & x 105 .llin. at the slot location,
whereas those of Test No. 5-7 were about 2 x 10° 1/in,

Velocity and Mach number profiles wére measured at x = 8 in, (xfhjﬂ- 108)

_ from the leading edge (i.'e. 7 in. from the slot), |

To determine the state of the boundary layers, laminar and turbulent
boundary layer velocity and Mach number profiles were calculated for com-
parison with the measured profiles. The Crocco method (Pr = 0.75, Ref, 6)
determines the laminar profile and the boundary layer thickness, 5, completeiy
for the given conditions. For estimating typical turbulent boundary layer
profiles, the 1/7 power law and the Crocco relation for the temperature field

have been employed, following the next expression,

u .y . 1/7

= =(%)
LYy 8

(6)

T - T

t W u

Ot ————— S s Pr =1

TOw-TW ue’

where the boundary layer thickness, §, was taken from the measured profile as

the point where u/ue = 0,98 for convenience. In the above simple calculations,



the effect of the slot step was not taken into account,
The heat transfer rate was determined using the transient technique, and
is derived from the slope of the temperature as a function of time by means

of the following expression}

a=fped, (E) ., @

All the heat transfer data were reduced and expressed in terms of q/(TOa-Iw),
were measured values of local wall temperature, Tw’ were used at each thermo-
couple location. The heat transfer rates to be expected'for laminar and

turbulent boundary lafer over the flat plate were calculated, using the flat
plate reference enthalpy method (FPREM, Ref., 7), The heat transfer rates are

given by the following expressions: ( x = 0 was taken at the model leading

edge.)
x2 *ok '
q, ™ 0.322 Cp Pr 3 o u, Re (Taw- Tw); for laminar flow (8)
~2 1
* * "
q, = 0.029 C_ Pr 3 5w R 5 (T, - T
for turbu;ent flow and 5 x 105 < R: < 107 (9)
« *
where Re = P Y *
: *
] (10)

%*
. T = 0.5 (Te + tw} + 0.22 (Taw - Te)

The laminar heat transfer rates were also calculated, following the theore-
tical work by Cohen and Reshotko (Pr = 1 , Ref. 8). These estimates were

compared with the experimental results.



The static pressure distributions along the x-axis over the‘eﬁtire plate
surface were measured and shown in the figures along with the static pressures
of the injection air and the wind tunnel.

Schlieren photographs were taken during the testg and Fig. &4 shows two
examples of them. All the experimental results obtained are shown in Fig. 5
through 20 (Test No. 1-4, Rex =~ 4 x 105 1/in.) and in Figs, 21 through 28
(Test No., 5-7, Rex = 2 x 105 1/in.), including velocity and Mach number pro-
files, heat transfer rates and static preséure digtributions.

Test No. 1 corresponds to the case of zero injection. The results
(Figs. 5-8) clearly indicate that a laminar boundary layer exists at least up
to x = 8 in. (xfhj = 108} from the leading edge. The static pressure is
almogp constant all over the surface along the x-axis (Fig. 8).

The results of small injection air flow (Test No. 2, pj = 0,61 pe) are
shovn in Figs. 9 through 12. A comparison of heat transfer measurements with
estimated results shows that transition takes place near x = 6 ~ 8 in,

(x/h3 = 82 .. 108). The value of Rea was 940 in this case,.

Figures 13 through 16 show the results of Test No. 3, corresponding
to an increased rate of injection mass flow with Ree= 1100. 1In this case,
the static pressure of injection air was slightly lower than the cuter stream

pressure (pj > 0,83 pe), and the boundary layer at x = 7 ~ 8 in. (x/h_ =~ 95 ., 108)

3

was turbulent.

The results of higher injection mass flow which corresponds to Test No. &
(pj e= 1,05 pe) are shown in Figs. 17 through 20. This test corresponds to Ree=1500'
For these conditions, the boundary layer at x = 8 in. (x/hj = 108) was found to be

also turbulent and gimilar to Test No. 3.



Additional tests were conducted at lower wind tunnel total pressures,
'with resulting Reynolds number R__of about 2 x 10° 1/in,
No injection case (Test No. 5, Figs. 21-24) shows a laminar boundary

layer up to x = 8 in. (x/hj = 108), In Test No, 6, only profiles were

measured under the condition of Py = Pe and Ree= 730. The results (Figs, 25

and 26) show also a laminar boundary layer. Heat transfer rates were measured
for Test No. 7, whose results are shown in Figs, 27 and 28. The boundary

layer type is transitional over the surface at x = 6 ~ 9 in. (x/h, = 82 . 122),

3

The value of Re was about 1000,

6

It can be concluded from these experimental results that the boundary

- layer remains laminar behind the slot for the values of Re approximately less

8
than 1000, and above this value it is ¢hanged from transitional to turbulent

within 100 slot heights under the conditions tested here.

IV, CONCILUSIONS

An experimental investigation of boundary layer tripping by means of
slot injection in a supersonic flow has been performed. The secondary air
was injected through a supersonic nozzle over the flat plate model at nearly
the same stagnation temperature as free stream. The outer stream Mach number
at the slot location {1 in. behind the leading edge) was in the range of
5.43 to 5.83, and Reynolds numbers based on the streamwise distance were about
4 x 105 1/in. and 2 x 105 1/in. depending on the free stream (wind tunnel) total
pressureas. Tests were conducted with different conditioms of injection air,

resulting in varied values of Ree‘and %+« Heat transfer ratea were measured at



about 4 to 8 inches (54 .. 108 slot heights)} behind the slot, and the results
were compared with estimates of laminar and turbulent heat transfer on a flat
plate by cited references. Static pressure distributions were obtained over

the surface along the x~axis. Velocity and Mach number profiles were measured

at x = 8 in. (108 slot heights) from the leading edge (7 in, behind the slot).
Laminar and turbulent profiles for the flat plate were estimated by the thgo-
retical and semi-empirical metheds available and compared with experimental
results.
" From the experimental data obtained here, the following conclusions can
be made,
1. The proposed technique permits us to create a turbulent
boundary layer having a selected value of Ree at low wind
tunnel Reynolds number without disturbing the outer stream,
Therefore, it permits us to simulate a high Reynolds number
test in a low Reynclds number wind tunnel.
2, The boundary layer with injection remains laminar downstream
of the slot for values of Re legss than 1000, The same

]

result is obtained for the case of zero injection (Re = 0).

8
The boundary layer changes rapidly from transitional to
turbulent over the flat plate when Reg passes from 1000

to 1500,

10
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TABLE 1 f};E ST CONDITTI O‘N s
f;at No. Outer Stream at the Slot Injection Air Re ) Y Fig. No. of Results
h a & Profiles | Heat Transfer
) & Pressure
1y P =167 - 200 psi, R =3.9-4.3x 105 L at the slot location
O ex in,
Pe= 8.1 mm Hg
1
Tomﬂ 770%R No Injection 0 0 5,6 7,8
) P~ 7.9 om Hg pj- 4.8 mm Hg
T = 745°R T, 650°R 940 0.076 | 9,10 11, 12
P = 7.1 mm Hg p,= 5.9 mm Hg
3 e i
T = 732°% Ty 742°R 1100 0.134 | 13, 14 15, 16
p,~ 7.8 mm Hg Py= 8.7 mm Hg
4 T = 768°R T," 778% 1500 0.172 | 17, 18 19, 20
5 1
i) P ™ 74 - 83 psi, Rex= 1,9-2,1 x 10 I, ot the slot locatiom
p.= 5.0 om Hg
5 e o
T0m= 735R No Injection 1] 0 21, 22 23, 24
Pe= 4.1 mm Hg Py~ 4.8 mm Hg
6 T_= 744°R T 4= 782 730 0.167 |25, 26 | ——
P 4.3 mm Hg Py= 4.3 mm Hg .
7 T = 736°R T, ;= 566°R 1000 0.162 | —— | 27, 28
Wind Tunnel : M = 5.77 - 5.87, T_= 730 - 770%R

Quter Stream at Slot : He = 5,43 - 5.83

Injection Air:

Hj= 1.60 - 1.9%
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Fig. 14 Mach Number Profile, Test No. 3

I 5
y Rex=3.9x10¥ PER IN. 0/
| T,me732eR __,__o)_.. .
0.30 i ot
Ref = 1100 ( |
To}»742 °R - / '
| ' /°
0.25} 1 — 7
" | ~————— CROCCO METHOD (REF. &) / ©
‘—e——— /7 POWER LAW /o
| x=8" FROM L.E. o
0.20} ' 40— /Z
L~
0.5 ' ’9//
: //o/
d/
/
0.10 / o
of
_f /
/- )i
- 0.05 ,d
|/
/}°
| -
oo i 2 3 4q 5




20

¢ I I
3 SLoT Rex=3.9x10° [PER IN.| Re@=1100
x1 '
Ty = 732 °R Toj = 742°R
L FPREM ( REF.7) - |
- s FPREM (TURBULENT)
. ———— COHEN “RESHOTKO : .
e (REF. 8) | i \ o ‘#
.
2 1.0
m
':"3 . #J—: C-R ~
8 05 ".!“LA_M'"AR{EPREM iy L
.*53 - \ - :
< \.
> ,
o
0 . ,
) I 3 4 5 6 7 8
x IN.

Fig. 15 Heat Transfer Distribution, Test No. 3
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Fig. 18 Mach Number Profile, Test No. 4
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Fig. 21 Velocity Profile, Test No, 5
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